Genetic loss or pharmacological inhibition of monoamine oxidase A (MAOA) in mice leads to a large increase in whole-brain levels of serotonin (5-HT). Excess 5-HT in mouse neonates prevents the normal barrel-like clustering of thalamic axons in the somatosensory cortex. Projection fields of other neuron populations may develop abnormally. In the present study, we have analyzed the localization of 5-HT immunolabeling in the developing brain of MAOA knock-out mice. We show numerous atypical locations of 5-HT during embryonic and postnatal development. Catecholaminergic cells of the substantia nigra, ventral tegmental area, hypothalamus, and locus ceruleus display transient 5-HT immunoreactivity. Pharmacological treatments inhibiting specific monoamine plasma membrane transporters and genetic crosses with mice lacking the dopamine plasma membrane transporter show that the accumulation of 5-HT in these catecholaminergic cells is attributable to 5-HT uptake via the dopamine or the norepinephrine plasma membrane transporter. In the telencephalon, transient 5-HT immunolabeling is observed in neurons in the CA1 and CA3 fields of the hippocampus, the central amygdala, the indusium griseum, and the deep layers of the anterior cingulate and retrosplenial cortices. In the diencephalon, primary sensory nuclei, as well as the mediodorsal, centrolateral, oval paracentral, submedial, posterior, and lateral posterior thalamic nuclei, are transiently 5-HT immunolabeled. The cortical projections of these thalamic nuclei are also labeled. In the brainstem, neurons in the lateral superior olivary nucleus and the anteroventral cochlear nucleus are transiently 5-HT immunolabeled. None of these structures appear to express the monoamine biosynthetic enzyme L-aromatic amino acid decarboxylase. The administration of monoamine plasma membrane transporter inhibitors indicates that the 5-HT immunolabeling in these structures is attributable to an uptake of 5-HT by the 5-HT plasma membrane transporter. This points to neuron populations that form highly precise projection maps that could be affected by 5-HT during specific developmental stages.
Serotonin (5-HT) has been shown to modulate brain developmental events such as neural crest migration (Moiseiwitsch and Lauder, 1995) , cortical neuronal differentiation (Ladvas et al., 1997) , and the refinement of thalamocortical connections (Gu and Singer, 1995; C ases et al., 1996) . We recently demonstrated that mice that cannot normally degrade 5-HT because of a genetic lack of monoamine oxidase A (M AOA) have greatly enhanced levels of 5-HT in the brain during early postnatal life (C ases et al., 1995) and display an abnormal development of the primary somatosensory cortex in which the barrel-like clustering of neurons and thalamic axons fails to occur (C ases et al., 1996) . This can be prevented by reducing 5-HT levels in MAOA knock-outs during an early postnatal developmental period . Similarly, an abnormal development of the barrel field can be reproduced in wild-type mice by inhibiting M AOA pharmacologically during the same critical period (C ases et al., 1996; Vitalis et al., 1998) . Interestingly, during this same critical period, somatosensory thalamic neurons that instruct the formation of the cortical barrels transiently express serotonergic markers such as the 5-HT 1B receptor (Bennett-C larke et al., 1993) , the 5-HT plasma membrane transporter SERT, and the vesicular monoamine transporter V M AT2 (Lebrand et al., 1996) . The presence of these transporters allows an active internalization of 5-HT from the extracellular space into presynaptic terminals and its storage in vesicles (Lebrand et al., 1996) . Thus, although somatosensory thalamic neurons do not produce 5-HT, they appear to transiently contain the amine. This phenomenon is amplified when the degradation of 5-HT is prevented by M AOA inhibitors (D'Amato et al., 1987; Lebrand et al., 1996; Vitalis et al., 1998) and is best observed in M AOA knock-outs. Indeed, this phenomenon was first strongly suggested by observations in M AOA knock-outs that showed unambiguously the transient presence of 5-HT in thalamic neurons (Lebrand et al., 1996) .
As first reported here in detail, M AOA knock-outs have been a most powerf ul tool to identif y neuronal populations in which 5-HT is internalized during development. We have determined whether each suspected case of 5-HT internalization is attributable to an heterologous expression of SERT or to a cross-binding to other monoamine plasma membrane transporters. Our previous immunocytochemical localization of 5-HT in M AOA knockouts (C ases et al., 1995) in 8-d-old pups had suggested the possibility of an internalization by the catecholaminergic transporters, because 5-HT was observed in the brainstem catecholaminergic neurons (C ases et al., 1995) . Monoaminergic plasma membrane transporters specific for 5-HT, dopamine, or norepinephrine belong to the family of Na ϩ /C l Ϫ -dependent transporters and display a significant degree of amino acid identity (Amara and Kuhar, 1993; Giros and C aron, 1993; Nelson and Lill, 1994) , but no clear evidence of significant cross-reactivity of catecholaminergic transporters with 5-HT in vivo has ever been reported.
We report here transient and abnormal 5-HT immunolabeling in a number of neuronal structures in the cerebral cortex, the hippocampal formation, the amygdala, the thalamus, the hypothalamus, and the brainstem. In most of the nonaminergic structures, specific inhibitors of SERT abolished the 5-HT immunolabeling. Indeed, these locations coincide with the transient expression pattern of SERT (Hansson et al., 1998; Lebrand et al., 1998) . Interestingly, 5-HT immunolabeling of each of these structures has a developmental timing, suggesting that they may be sensitive to the effects of 5-HT during these specific periods. Furthermore, we analyzed in greater detail the abnormal localization of 5-HT in catecholaminergic structures. Using pharmacological experiments and genetic crosses with mice lacking the dopamine plasma membrane transporter (Giros et al., 1996) , we determined that 5-HT uptake in catecholaminergic neurons can be entirely accounted for by the dopamine plasma membrane transporter (DAT) or the norepinephrine plasma membrane transporter (N ET).
MATERIALS AND METHODS
Animals. M AOA knock-outs and their C3H / He controls were as described in C ases et al. (1995) . M AOA-DAT double knock-outs and their diverse controls were obtained in the F2 progeny from crosses between the M AOA knock-outs and DAT knock-outs (Giros et al., 1996) having a mixed genetic background (129/Sv, C57BL /6, and DBA /2). M AOA knock-outs were analyzed at embryonic day 12 (E12), E15, E16, E17, E18, E19 (the day of the vaginal plug was counted as E1), postnatal day 0 (P0), P4, P7, P10, P15, P21, P28, P60, and 2-6 months (the day of birth was counted as P0). M AOA-DAT double knock-outs were analyzed at E16, E19, P0, P4, and P7. All mice lacking DAT were given hydrated food pellets on the cage floor, and it was not necessary to transfer offspring to foster mothers. Animal procedures were conducted in strict compliance with approved institutional protocols and in accordance with the provisions for animal care and use described in the Scientific Procedures on Living Animals ACT 1986. Immunoc ytochemistr y. 5-HT immunocytochemistry was performed using a rat anti-5-HT monoclonal antibody (1:50; Harlan, Sussex, UK). The specificity of this antibody has been demonstrated previously (Consolazione et al., 1981; Lebrand et al., 1996) . Rabbit polyclonal antibodies were used for detection of tyrosine hydroxylase (TH) (1:5000; gift from A. Vigny) and L-aromatic amino acid decarboxylase (AADC) (1:1000; Protos Biotech) (Joh and Ross, 1983) .
Embryonic and postnatal mice were transcardially perf used with saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2.
Whole embryos or brains were post-fixed 1-5 d in the same fixative and cryoprotected in 30% sucrose in 0.1 M phosphate buffer. Serial coronal sections (40 m) were cut on a freezing microtome and immediately processed for 5-HT, TH, or AADC immunocytochemistry as described previously (C ases et al., 1996) . In brief, sections were washed in 0.1 M phosphate buffer and incubated 1 hr in PBSϩ (0.1 M PBS with 0.2% gelatin and 0.25% Triton X-100). Sections were incubated with the primary antibodies for 24 hr at 4°C. Then, sections were washed in PBSϩ and incubated with secondary antibodies (biotinylated goat anti-rat for 5-HT immunocytochemistry or biotinylated swine anti-rabbit for AADC immunocytochemistry) (1:200; Dako, High Wycombe, UK) for 2 hr at room temperature. Sections were washed in PBSϩ and incubated with a streptavidin -biotin -peroxidase complex (1:200; Amersham, Arlington Heights, IL) for 2 hr at room temperature. Sections were then reacted with a solution containing 0.02% diaminobenzidine, 0.6% nickel ammonium sulfate (C arlo Erba), and 0.003% H 2 O 2 in 0.05 M Tris buffer, pH 7.6. Sections were mounted on 3-aminopropyltriethoxysilane-coated slides, dehydrated, and coverslipped in DePeX.
Some coronal sections were counterstained with a solution containing 1% methyl green in 70% ethanol.
Double 5-HT and TH immunofluorescence. Frozen cryostat sections (20 m) were incubated in the 5-HT antiserum (clone YC5/45) (1:1000 of a 5ϫ concentrated batch) mixed with the TH antiserum (1:5000) overnight at room temperature. After rinsing in PBSϩ, sections were incubated with rhodamine-conjugated anti-rat (1:100; Amersham) and fluoresceinconjugated anti-rabbit (1:70; Silenus, Hawthorne, Australia) for 2 hr at room temperature. Sections were rinsed in PBS for 30 min and mounted with glycerol -PBS (3:1).
In situ hybridization. To prepare the SERT cRNA probes, a cDNA fragment corresponding to nucleotides 1510 -2009 of the transcript was amplified by PCR and subcloned into pBluescript SK II (Stratagene, La Jolla, CA). The plasmid was linearized with BamHI (Boehringer Mannheim, Indianapolis, I N) for antisense RNA synthesis by T7 polymerase (Pharmacia, Piscataway, NJ) and with EcoRI (Boehringer Mannheim) for sense RNA synthesis by T3 polymerase (Boehringer Mannheim).
The in vitro transcription was performed using a kit from Promega (Madison, W I), and probes were labeled with 35 S-UTP (Ͼ1000 C i /mmol; Amersham) as described by Fontaine and Changeux (1989) . In situ hybridization for cRNA probes was performed using fresh frozen brain sections (15 m thick). Tissue sections were post-fixed for 15 min in 4% paraformaldehyde, washed in PBS, acetylated, washed in PBS, dehydrated, and air-dried. Sections were covered with hybridization buffer containing 5 ϫ 10 4 cpm /l 35 S-SERT (12.5 l /section) and then incubated overnight in a humid chamber at 48°C. Washes were then performed as described previously (Fontaine and Changeux, 1989) . Autoradiograms were obtained by apposing the sections to ␤-max hyperfilms (Amersham) for 4 d. For histological analyses, the slides were dipped in photographic emulsion (N TB2; Eastman Kodak, Rochester, N Y) and exposed for ϳ10 d. After development of the emulsion, the sections were counterstained with cresyl violet.
Pharmacolog ical treatments. Drugs and vehicle (0.9% saline) were administered subcutaneously in P6 -P7 pups. Four main administration protocols were used: (1) two injections at a 14 hr interval; (2) three injections at 4 hr intervals; (3) three injections at 10 hr intervals; and (4) seven injections at 4 hr intervals. All animals were killed 4 -6 hr after the last injection. The drugs used were fluoxetine (10 or 30 mg / kg; Eli Lilly), paroxetine (50 mg / kg; Beecham), GBR12783 (10 or 30 mg / kg; gift of Dr. J. Constentin, Unité de Neuropsychopharmacology, Saint Etiénne de Rouvray, France), nisoxetine (10 or 30 mg / kg; Research Biochemicals, Natick, M A), or NO-711 (50 mg / kg; Research Biochemicals). Fluoxetine was also administered intraperitoneally to pregnant dams (30 mg / kg) during the E18 -E19 developmental period. Embryos were removed by cesarean section and perf used 4 hr after the last injection.
RESULTS

Unusual localization of 5-HT-containing neurons in MAOA knock-outs
The immunocytochemical localization of 5-HT was performed in parallel in MAOA-deficient and normal mice during embryonic and postnatal development. In the following, we will focus our description on the localization of 5-HT-labeled structures in MAOA knock-outs that was not observed in normal mice. The general distribution of these labeled structures is given in Tables  1 and 2 . The nomenclature is taken from Schambra et al. (1992) and Paxinos et al. (1991) for embryonic stages and from Franklin and Paxinos (1994) for postnatal stages. For the normal distribution of 5-HT, see the descriptions of Steinbusch (1981) for adult rats and Lidov and Molliver (1982a,b) and Wallace and Lauder (1983) for developing rats and mice. Throughout the developing brain of M AOA knock-outs, the innervation originating in the raphe displayed a much increased 5-HT immunoreactivity, suggesting that extracellular levels of 5-HT could also be higher than in normal mice.
5-HT in catecholaminergic cell groups
As early as E12 or E15 and at least until P15 or P21, neuronal cell bodies in the substantia nigra (SN) (cell group A9), the ventral tegmental area (VTA) (A10), the retrorubral field (A8), the locus ceruleus (LC) (A6 -A7), and the locus subceruleus (A5) displayed 5-HT immunolabeling in MAOA knock-outs (Table 1 ). In LC, cells were already intensely labeled at E12. Dendritic trees were not apparent in these neuronal populations. Double immunolabeling with antibodies to the catecholamine synthesizing enzyme TH showed that these 5-HT-containing neurons were catecholaminergic. The varicose 5-HT-positive terminal network contained no TH immunolabeling (Fig. 1) . Double immunolabeling also showed that most of the TH-positive neurons contained detectable levels of 5-HT in MAOA knock-out embryos and pups, indicating that this immunolabeling was not limited to specific subpopulations of the A5-A10 catecholamine cell groups. It persisted until P28 in the dopaminergic A8 -A10 cell groups, whereas it disappeared between P21 and P28 in the noradrenergic A5-A7 cell groups.
In contrast, rostral catecholaminergic cell groups were not 5-HT 
Staining intensity of neurons at prenatal and postnatal ages according to locations in the brain. C ell staining: Ϫ none; ϩ light staining; ϩϩ moderate staining; ϩϩϩ heavy staining. C ell number: 1, few scattered cells; 2, moderate number of cells (10 to 50%); 3, majority of cells.
immunolabeled or lightly 5-HT immunolabeled. No 5-HTcontaining neurons were observed in the olfactory bulb, whereas hypothalamic catecholaminergic cells showed moderate 5-HT immunolabeling during shorter developmental times than in the brainstem. Thus, 5-HT-containing neurons were observed in the periventricular preoptic (PVPO) and suprachiasmatic preoptic (SPO) nuclei, the paraventricular nucleus (PAVH), and the arcuate nucleus (Arc) primarily during late embryonic life with a transient upsurge for a few neurons in the Arc between P7 and P15 (Table 1) .
5-HT in classically nonmonoaminergic cell groups Telencephalon
In normal embryos and pups, we did not observe 5-HTimmunolabeled cell bodies in the telencephalon ( Fig. 2 A, C) . In contrast, MAOA knock-out embryos and pups displayed 5-HTcontaining neurons in cortical, hippocampal, or amygdaloid areas. By E18, 5-HT-containing neurons were observed in the anterior cingulate cortex (ACG) in both its supra and pregenual parts Table 2 . Locations of nonaminergic 5-HT-positive fibers in the brain of MAOA knock-outs ( Fig. 2 B, D) and in the granular (RSG) and agranular (RSA) retrosplenial cortex (Table 1) . Their labeling generally appeared to be of medium intensity and was visible during late embryonic life until birth in RSG and RSA and until P10 in ACG (Fig. 3A) . These 5-HT-containing neurons were located in the deep cortical layers (V-V I) and had the morphological appearance of pyramidal neurons (Fig. 3C) . In normal mice, the corresponding cortical areas only displayed a dense network of thick serotonergic axons arranged in a bilaminar array (Fig. 2 A, C) . By E17, 5-HT-containing neurons were observed in the hippocampal primordium. Their number sharply decreased by P0 (Table 1) . As identified by the light 5-HT immunolabeling of their main dendrites, these neurons were pyramidal neurons in the indusium griseum (Fig. 2 D) and in the CA1 and CA3 hippocampal fields (Fig. 2 B, E) . The efferent projections of these neurons most likely correspond to 5-HT-immunolabeled bundles observed in the fimbria, the ventral hippocampal commissure (containing the crossed projections from CA3 neurons), and the dorsal fornix from E18 to P0 (Fig. 2 D) . The subiculum, the other major output region of the hippocampal formation, did not show 5-HTcontaining neurons. However, axons projecting through the ventral fornix known to contain subicular efferents appeared lightly 5-HT positive between E15 and E19. Correspondingly, pyramidal neurons in the dorsal subiculum, a projection area for the CA1 pyramidal neurons, showed transient expression of SERT mRNA (Lebrand et al., 1998) .
Finally, 5-HT-containing neurons were observed at the periphery of the central nucleus of the developing amygdala between E15 and P0 (Table 1) . These neurons had a piriform shape with generally two to three primary dendrites and displayed medium to intense 5-HT immunolabeling (Fig. 2 F) .
Diencephalon 5-HT-containing cell bodies were found in primary sensory thalamic nuclei of the diencephalon of normal mice essentially between P4 and P7. In M AOA knock-outs, 5-HT immunolabeling was also seen in embryos and pups in other thalamic nuclei and in the suprachiasmatic nucleus.
Thalamus. We have shown previously that in normal pups, neurons in the somatosensory ventroposterolateral (VPL) and ventroposteromedial (VPM) nuclei, the visual dorsal lateral geniculate nucleus (DLG), and the auditory ventral medial geniculate nucleus (MGV) are transiently 5-HT immunoreactive (Lebrand et al., 1996) . The 5-HT immunolabeling of these thalamic neurons was considerably increased in MAOA knock-outs of corresponding ages. While in normal mice the 5-HT immunolabeling is concentrated in the axonal compartment with only a faint diffuse labeling of the cell bodies, MAOA knock-outs displayed a clear and intense immunostaining of both individual cell bodies and axons running in the internal capsule or projecting to the reticular thalamic nucleus. Furthermore, the 5-HT immunolabeling was visible over a larger developmental period than in controls. In normal pups, 5-HT immunolabeling was noted at P4 and P7 in cell bodies and at P0, P7, and P10 in thalamocortical fibers. In M AOA knock-outs, it was noted already at the earliest embryonic age examined (E15) in V PL and DLG and persisted until P15 (Table 1) . MAOA knock-outs displayed neuronal labeling in additional nuclei (Table 1) . The visceral parvicellular part of V PL and the gustatory parvicellular part of the V PM displayed very strong 5-HT immunolabeling. Less intensely labeled neurons were observed in the central part of the mediodorsal nucleus (MDc) (Fig.  3 D, E) , the nociceptive submedial nucleus (SUB) (Fig. 3 D, F ) , the oval paracentral nucleus (Fig. 3 D, E) , the rostral part of the posterior nucleus, the centrolateral nucleus (small patches of cells), the rostrolateral part of the lateral posterior nucleus, and the dorsal and medial parts of the medial geniculate nucleus (Table 1) .
Sensory thalamocortical axons arising from the dorsal thalamus displayed intense 5-HT immunolabeling in M AOA knock-outs as early as E15 (at P0 in normal mice) ( Table 2 ). By E18, the 5-HT immunolabeled thalamocortical axons reach the subplate through the internal capsule forming a dense plexus in the subplate (Fig.  2 B , G, see also 5C). Later in development, a dense plexus was visible in the layers IV and V I of the primary somatosensory, auditory, visual, gustatory, and visceral cortices (Table 2) . A plexus of moderate density was visible in the secondary somatosensory, auditory, and visual cortices between P4 and P10. Projections from the MDc and SUB were labeled in layer II-III of the lateral and ventral orbital cortex ( Fig. 3B ; Table 2 ) between P4 and P10, whereas a 5-HT-positive plexus was not observed in this part of the cortex in normal mice.
Hypothalamus. 5-HT-containing neurons were observed in the ventral and medial zones of the suprachiasmatic nucleus (SCN) during a protracted period of postnatal life (Table 1) , whereas only a dense serotonergic innervation was present in normal mice (van den Pol and Tsujimoto, 1985; van den Pol, 1986) . A positive correlation was found between the amount of label in individual cell bodies and the number or size of the 5-HT varicosities in close contact with the soma.
Brainstem
In MAOA knock-outs, 5-HT-containing neurons were observed in two auditory relays, the anteroventral cochlear nucleus and the lateral superior olivary nucleus (L SO) (Fig. 4 A, Table 1 ). The major auditory center, the inferior colliculus (IC), did not contain 5-HT-positive cell bodies. In L SO, the 5-HT-positive cell bodies were in the lateral and central parts of the nucleus, as determined by counterstaining with methyl green, and immunostaining increased from central to lateral along the tonotopic axis. During the same period, 5-HT-positive bundles of fibers entering the IC and a dense 5-HT-positive plexus in the central nucleus of the IC were also observed (Fig. 4 B, D , Table 2 ). The distribution resembled that of L SO efferent fibers.
In the somatosensory pathway, 5-HT immunolabeling was not observed in neurons of the principal nucleus of the trigeminal, although primary sensory fibers entering this nucleus were transiently 5-HT immunolabeled (our unpublished observations) (Table 2). Retinal afferents were transiently 5-HT immunolabeled (Figs. 4 B, 5C ; Table 2) (Upton et al., 1997; our unpublished observations). Other projections from peripheral neurons were 5-HT immunoreactive and will be described in separate reports (our unpublished observations).
AADC in 5-HT-containing neurons
The presence of 5-HT in atypical locations in developing mice could reflect a local synthesis of 5-HT. We determined whether the biosynthetic enzyme AADC is present at these sites at E18, P0, P7, P10, and P21 in MAOA knock-outs and normal controls. At all ages, the AADC immunolabeling was normally localized in the serotonergic, noradrenergic, and dopaminergic cell bodies and fibers, as well as in the 14 "D" groups of AADC-expressing cells (for review, see Jaeger et al., 1984) . No AADC-containing neurons were observed in the cortex, amygdala, hippocampal formation, and thalamus (Fig. 5 A, B,D) . 5-HT-containing neurons in LSO and the anteroventral cochlear nucleus also lacked AADC.
Pharmacological treatments with inhibitors of transporters
To determine whether the 5-HT immunolabeling is caused by an uptake of 5-HT, MAOA knock-outs were injected with inhibitors of the monoaminergic transporters. Repeated administration of fluoxetine, a selective inhibitor of 5-HT uptake, to pregnant MAOA knock-out dams (30 mg/kg, seven injections at 4 hr intervals) completely eliminated 5-HT-immunolabeling in the nonaminergic 5-HT-containing neurons of the cortex, hippocampus, thalamus, and LSO of E19 embryos without affecting 5-HT immunolabeling in the catecholaminergic cell groups (data not shown). Similarly, in P7 MAOA knock-outs, repeated administration (three injections at 10 hr intervals) of the SERT inhibitors fluoxetine (30 mg/kg) or paroxetine (50 mg/kg) abolished 5-HT immunolabeling in all the thalamic nuclei and in the corresponding cortical projection areas (Fig. 6C) , although a very faint labeling was still observed in the thalamocortical fibers in the internal capsule and in a few cell bodies. In contrast, fluoxetine or paroxetine treatments increased 5-HT immunolabeling in all the catecholaminergic cell groups (even after a single injection 6 hr before perfusion) (Fig. 6 A, B) . It was particularly apparent for Arc neurons (Fig. 7A ) and for SN neurons and SN axonal terminals. Indeed, a fine 5-HT immunolabeled network was readily visible in the striatum after such treatments. Nisoxetine (10 or 30 mg/kg, two injections), a selective inhibitor of norepinephrine uptake, eliminated 5-HT immunolabeling in noradrenergic neurons (Fig. 6 D) without affecting 5-HT immunolabeling in SN (Fig. 6 E) and thalamic nuclei (Fig. 6 F) . GBR12783 (10 or 30 mg/kg, two injections), a selective inhibitor of dopamine uptake, abolished 5-HT immunolabeling in dopaminergic neurons (Fig.  6 H) without affecting 5-HT immunolabeling in LC (Fig. 6G ) or thalamic nuclei (Fig. 6 I) . Curiously, neither blocking 5-HT uptake with fluoxetine nor blocking catecholamine uptake with GBR12783 or nisoxetine could diminish the number of 5-HTcontaining neurons in SCN. On the contrary, fluoxetine or paroxetine treatments enhanced neuronal staining in SCN (Fig. 7B) . Treatment with NO-711 (50 mg/kg, three injections), a specific inhibitor of GAT-1, a neuronal GABA transporter that shares structural similarities with monoaminergic transporters, did not diminish the number of 5-HT-containing neurons in SCN.
MAOA-DAT double knock-out mice
We generated double knock-outs by crossing MAOA knock-outs and DAT knock-out mice (Giros et al., 1996) . In contrast to MAOA knock-outs, MAOA-DAT double knock-out mice showed a total lack of 5-HT immunolabeling in the dopaminergic neurons of the SN-VTN complex (Fig. 8) , PAVH, and Arc between E16 and P7, whereas 5-HT immunolabeling was main-tained in LC (Fig. 8) , MGV (Fig. 8) , and the other thalamic nuclei, and SC N (data not shown) 5-HT immunolabeling was also maintained in PVSO, SPO, and SC N (data not shown).
Using M AOA-DAT double knock-out pups, we determined whether the previously reported behavioral abnormalities of MAOA single knock-out pups, such as tremor, myoclonus, agitation, frantic running, biting, and abnormal postures (C ases et al., 1995) , could be related to the presence of 5-HT in dopamine neurons. M AOA-DAT double knock-out pups, but not DAT single knock-out pups, displayed the same behavioral abnormalities as M AOA single knock-out pups. Conversely, M AOA-DAT double knock-outs, but not M AOA single knock-outs, showed the same lethality as DAT single knock-outs at weaning age, which was prevented in both cases by supplementing the diet with hydrated food.
SERT RNA in nonmonoaminergic 5-HT-containing neurons
In a companion study using in situ hybridization and immunocytochemistry (Lebrand et al., 1998) , we have analyzed the spatiotemporal expression patterns of SERT, DAT, and NET in developing normal mice, focusing on the forebrain and catecholaminergic groups. These normal patterns proved to be in good agreement with our spatiotemporal and pharmacological analyses of 5-HT accumulation in MAOA knock-outs. All of the nonmonoaminergic 5-HT-containing neurons observed in the forebrain of MAOA knock-outs appeared to transiently express SERT RNA in normal mice, except the amygdala and SCN neurons, in which no RNA expression of SERT, DAT, or NET could be found. Similarly, normal brainstem and midbrain catecholaminergic neurons did not show SERT RNA expression, whereas they expressed DAT or NET RNA abundantly. Here, we show additionally that SERT RNA is expressed in neurons of the LSO in normal mice (Fig. 4C) .
DISCUSSION
In this report, we describe that in the developing CNS of MAOA knock-outs, 5-HT immunoreactivity is abnormally and transiently localized in catecholaminergic and nonmonoaminergic neurons. This is attributable to the lack of the normal degradation pathway of 5-HT and to the existence of f unctional transport of 5-HT, either by SERT, which is transiently expressed in nonmonoaminergic neurons, or by DAT and N ET in catecholaminergic neurons. These abnormal accumulations of 5-HT during development could underlie some of the developmental and behavioral abnormalities that are observed in M AOA knock-outs (Cases et al., 1995) .
Mechanisms of 5-HT accumulation in MAOA knock-outs
Early descriptions of rodent serotonergic systems in adult (Steinbusch, 1981) or during development (Lidov and Molliver, 1982a,b; Wallace and Lauder, 1983 ) have localized 5-HT exclusively in the neurons of the raphe complex (B1-B9) and in their widespread axonal arbors throughout the brain and spinal cord. However, recent studies during early postnatal development have questioned this view by showing that the transient dense 5-HT innervation of the primary somatosensory, visual, and auditory cortices (Fujimiya et al., 1986; D'Amato et al., 1987; Rhoades et al., 1990 ) is related to a 5-HT uptake in the corresponding thalamocortical neurons (Lebrand et al., 1996) . This 5-HT uptake in developing thalamic neurons is attributable to the transient expression of SERT. More recent studies with in situ hybridization (Hansson et al., 1998; Lebrand et al., 1998) or autoradiographic binding (Bruning et al., 1997) have shown extensive sites of SERT expression during C NS development, both in the diencephalon and the telencephalon, and there appears to be an excellent correlation between the spatiotemporal pattern of SERT expression and 5-HT accumulation patterns that are detected in M AOA knock-outs in the cortex, hippocampus, and thalamus. The demonstration that 5-HT is only taken up but is not synthesized locally in these neurons is established by the lack of AADC, the last biosynthetic enzyme in the 5-HT biosynthesis pathway, in the developing cortical, hippocampal, or thalamic neurons. Furthermore, the 5-HT labeling of these structures was abolished by selective inhibitors of 5-HT uptake such as fluoxetine or paroxetine. It is noteworthy that these uptake inhibitors had to be administered repeatedly and at least during 24 hr to abolish the immunolabeling of the large thalamocortical fibers at P7, suggesting that 5-HT can be extremely resilient in neurons that lack MAOA. This resilience may be partly linked to a storage of 5-HT into vesicles via the vesicular monoamine transporter VMAT2, because VMAT2 RNA expression is observed in thalamic sensory neurons (Lebrand et al., 1996) . If 5-HT was indeed stored into synaptic vesicles in these neurons, it could be released in an activity-dependent manner in normal mice. In MAOA knock-outs, such a release could be blocked by excess extracellular 5-HT acting on the inhibitory 5-HT 1B receptors that are present on thalamocortical fibers (Rhoades et al., 1994) ; this would counterbalance the lack of 5-HT replenishment during fluoxetine treatments. In comparison with MAOA knock-outs, normal mice displayed a much more limited 5-HT immunolabeling; 5-HT was not detected in any of the neurons that transiently express SERT during embryonic life, and during postnatal life, 5-HT was only sometimes visible in primary sensory thalamic cell bodies but was never observed in the other dorsal thalamic neurons, cortex, or hippocampus. These observations suggest that in normal conditions 5-HT is rapidly degraded in these neurons or is present in a labile compartment with a rapid turnover (e.g., immediate release and degradation in the extracellular space).
Besides the 5-HT accumulation in the neurons that transiently express SERT, MAOA knock-outs accumulated 5-HT in the major catecholaminergic cell groups of the brainstem and hypothalamus. This accumulation is mediated by DAT in the A8 -A10 dopaminergic complex and in the hypothalamic PAVH and Arc, as demonstrated after pharmacological treatments and our observations in double knock-out mice that lack both DAT and MAOA. In the noradrenergic cell groups, 5-HT is taken up through NET, as indicated by our pharmacological blocking experiments. Previous pharmacological studies in vitro have shown Figure 5 . Immunocytochemical localization of AADC in E18 M AOA knock-outs. A, B, As viewed on coronal brain sections from rostral ( A) to caudal ( B), AADC immunoreactivity is localized in terminal fibers in the striatum, cortex, and hippocampus and in fiber tracts in the MFB or stria terminalis. AADC immunostaining of perikarya appears to be limited to catecholaminergic and D-group (Jaeger et al., 1984) that in transfected cell lines expressing DAT or N ET, 5-HT cannot competitively inhibit catecholamine uptake (Giros et al., 1991; Pacholczyk et al., 1991) . However, the kinetics of 5-HT transport in such cell lines have not been investigated, and the possibility should be considered that in native monoaminergic neurons, transporters have higher affinities for 5-HT than in in vitro expression systems. Shaskan and Snyder (1970) showed that brain slices of striatum and hypothalamus displayed both high-and low-affinity uptake sites for 5-HT and suggested that the low-affinity uptake reflected an uptake in catecholaminergic terminals. Similar observations were made in autoradiographic studies after uptake of tritiated monoamines in brain slices (Berger and Glowinski, 1978; Doucet et al., 1988) . In vivo, 5-HT accumulation was noted in dopaminergic neurons of the SN (Steinbush et al., 1982) , hypothalamus (Lichtensteiger et al., 1967; ChanPalay, 1977; Beaudet and Descarries, 1979) , and pituitary intermediate lobe (Vanhatalo and Soinila, 1994) after supplementing animals with exogenous 5-HT or the 5-HT precursor L-tryptophan and blocking 5-HT degradation with inhibitors of monoamine oxidases. Arai et al. (1995) showed that when adult rats are injected with the 5-HT precursor 5-hydroxytryptophan (5-HTP), 5-HT accumulates in SN neurons, whether M AO inhibitors are added or not. They concluded that 5-HT was synthesized by the SN neurons (although it was not investigated whether DAT plays a role in this 5-HTP effect) and that the amine was not rapidly degraded in these neurons. The latter observation suggests that in M AOA knock-outs, increased extracellular levels of 5-HT surrounding SN neurons could be more critical than the lack of 5-HT degradation by M AOA in these neurons. In any case, in M AOA knock-outs, the intensity of 5-HT immunolabeling in individual SN neurons appeared to correlate with the abundance of 5-HT terminal innervation in close association with the cell body. It is not known whether within these structures rich in extracellular 5-HT the density of DAT sites on the surface of the dopaminergic cell body is high enough to cause an efficient uptake of 5-HT. Quite the opposite, it has been reported that DAT is primarily localized to dendritic and axonal plasma membranes (C iliax et al., 1995; Nirenberg et al., 1997) , although this was studied in adult rats, and it is known that DAT expression varies with age (Coulter et al., 1996) .
5-HT immunolabeling in catecholaminergic neurons was observed as early as E12 in MAOA embryos. This suggests efficient release of 5-HT from raphe fibers at E12, as well as efficient DAT and NET uptake at this age. In postnatal MAOA knock-outs, the 5-HT-immunolabeling of catecholaminergic neurons was noted only during the first 3 weeks of postnatal life when brain 5-HT levels are highest (C ases et al., 1995) . Thereafter, 5-HT immunolabeling diminished and eventually disappeared in catecholaminergic neurons, in relationship with the relative normalization of 5-HT levels because of the compensatory activity of the monoamine oxidase B (M AOB), possibly in association with intervening glial processes. When MAOB activity was pharmacologically inhibited in 5-month-old MAOA knock-outs, the 5-HT immunolabeling of catecholaminergic neurons reappeared (our unpublished observations).
One developmental localization of 5-HT in MAOA knock-outs that could not be clarified by the present pharmacological blocking experiments is the localization of 5-HT in neurons of the ventral and medial zones of the SCN. No SERT, DAT, or NET expression has been detected in these neurons (Lebrand et al., 1998) . However, a very low expression of SERT might be sufficient, because 5-HT-labeled neurons in SCN benefit from an abundant 5-HT innervation originating in the raphe, and our pharmacological treatments cannot achieve total inhibition of SERT. Alternatively, 5-HT could be taken up by another transporter, such as a putative melatonin transporter (Helton et al., 1993; Liu et al., 1997) .
Functional consequences of 5-HT accumulation in MAOA knock-outs
The functional consequences of 5-HT accumulation in the catecholaminergic neurons of MAOA knock-outs could not be predicted. Comparison of MAOA-DAT double knock-outs and MAOA single knock-outs failed to reveal developmental or behavioral consequences of 5-HT accumulation in dopaminergic neurons. MAOA-DAT double knock-outs lacked cortical barrels (our unpublished observations). Similarly, MAOA-DAT double knock-out pups displayed the flagrant behavioral abnormalities of MAOA knock-out pups (Cases et al., 1995) , such as trembling. In fact, 5-HT accumulation in catecholaminergic neurons could be less detrimental to catecholaminergic function than the presence of excess extracellular 5-HT.
A particularly important feature of the spatiotemporal pattern of nonmonoaminergic 5-HT-containing neurons in MAOA knock-outs is the preferential localization of 5-HT uptake to glutamatergic neurons that form precise projection maps, which may be regarded as an indirect indication that extracellular 5-HT levels modulate the formation of these maps. We have described previously that somatosensory thalamocortical fibers, which accumulate large amounts of 5-HT in MAOA knock-out pups, develop abnormally, because they do not form proper axonal branches and barrel clusters in layer IV of the somatosensory cortex . Remarkably, as shown in the present report, thalamocortical fibers take up 5-HT from their initial outgrowth in MAOA knock-out embryos. This suggests that in normal mice, 5-HT has an effect on these fibers before they reach their specific cortical targets. However, in MAOA knock-outs, excess 5-HT does not seem to disrupt the major embryonic guidance mechanisms of the somatosensory thalamic fibers, because a normal barrel pattern can be obtained by decreasing 5-HT levels postnatally.
As in the case of the somatosensory cortex, postnatal alterations could be expected to occur in the primary visual, auditory, gustatory, and visceral thalamocortical projections that also display intense 5-HT accumulation during a critical period of their development. The presence of 5-HT immunoreactivity in neurons of the SUB, which relays thermoceptive and nociceptive information (Yoshida et al., 1991 (Yoshida et al., , 1992 Roberts and Dong, 1994) , and in neurons of the central part of the MDc, which receives inputs from olfactory-related structures (Price and Slotnick, 1983; Groenewegen et al., 1990) , also suggests that these thalamic neurons have a critical period during which the spatial tuning of their projections to the orbital cortex is sensitive to 5-HT. Changes in the orbital cortex would be interesting to investigate in adult M AOA knock-outs, which display altered sexual, aggressive, and nociceptive behaviors (C ases et al., 1995; Kim et al., 1997) . The orbital cortex is implicated in complex olfactory behaviors, such as olfactory-guided male sexual behavior Sapolsky and Eichenbaum, 1980; Slotnick and Kaneko, 1981) and intermale aggression (De Bruin et al., 1983; De Bruin, 1990; Kolb and Gibb, 1990) . In addition to causing developmental defects possibly leading to behavioral alterations in adult M AOA knock-outs, the considerable levels of 5-HT in the brain of M AOA knock-outs during the first 2 postnatal weeks have been shown to acutely cause much exaggerated behavioral responses. For example, P12 pups display defensive biting and prolonged responses to tail pinches. These behaviors may involve the orbital cortex and the SUB.
Abnormal segregation of neuronal projections in MAOA knock-outs is not confined to cortical fields and has been observed in the lower brain. In a preliminary report, we indicated that the segregation of contralateral and ipsilateral retinal projections is abnormal in the dorsal lateral geniculate thalamus of MAOA knock-outs (Upton et al., 1997; A. L. Upton, N. Salichon, I. Seif, and P. Gaspar, personal communication) . This suggests that the projections from the LSO, which is involved in binaural hearing, could also be altered (Shneiderman and Henkel, 1987; Rietzel and Friauf, 1998) . LSO neurons receive glutamatergic excitatory and glycinergic inhibitory neurons originating from the ipsilateral and contralateral ear, respectively, along an exquisitely organized tonotopic gradient (Caird and Klinke, 1983) . During perinatal development, there is a shift in the effects of glycinergic inputs received by LSO neurons that have depolarizing effects before P8 and hyperpolarizing effects thereafter (Kandler and Friauf, 1995) . LSO projects to the central nucleus of the inferior colliculus. Most of the ipsilateral projection is glycinergic and most of the contralateral projection is glutamatergic, although this remains controversial (Glendenning et al., 1992; Moore et al., 1995; Saint Marie, 1996) , and there appears to be little overlap of the ipsilateral and contralateral terminals (Shneiderman and Henkel, 1987) . In M AOA knock-outs, 5-HT-positive neuronal cell bodies were observed in the lateral and central L SO (a region that responds to lower sound frequencies). Immunocytochemical and tracing experiments are needed to establish the nature of these 5-HT-containing neurons (glycinergic or glutamatergic) and the degree of patterning of their projections. In the anterior cingulate cortex, a part of the brain involved in attention, 5-HT immunolabeling was located in pyramidal-like neurons of the deep layers of the cortical plate. The topography and morphology of these 5-HT-accumulating neurons resemble that of the pioneering callosal neurons that have been described in the rat cingulate cortex (Koester and O'Leary, 1994) . In rabbits, prenatal exposure to cocaine, a general inhibitor of monoamine uptake systems, alters the bundling of apical dendrites of anterior cingulate pyramidal cells (Levitt et al., 1997) , and in male rats, prenatal exposure reduces the midsagittal area of the corpus callosum (Ojima et al., 1996) . It could be speculated that 5-HT has an effect on the differentiation and growth of these cortical neurons and that cocaine acts in part by elevating extracellular levels of 5-HT.
In conclusion, our study points to particular neurons that could develop abnormal projections in children exposed to drugs enhancing brain levels of 5-HT or in individuals having a genetic deficiency in M AOA (Brunner et al., 1993; Lenders et al., 1998) or SERT. This study also emphasizes how mice that have been genetically modified, here with a null mutation of the MAOA gene, could be a most valuable model to exacerbate and visualize unexpected mechanisms.
